AAAGCAGGCTGGCCCCCCTCGACATG-3Ј and 5Ј-GGGGACCACTTTGTACAAGAAAGCTGGGTTGAT-CTGGCCTTGTCAATTGG-3Ј. At the beginning of this process, we intended to create an RNAi construct for LjGlu1 using Invitrogen's Gateway Technology (Tokyo, Japan). The amplified fragment was inserted into pDONR221 by BP clonase. Resultant plasmid DNA was reacted with pHKNGWRNAi, which was generated by inserting a CaMV35S promoter-RNAi cassette-OCS terminator fragment of a plasmid pHELLSGATE8 into multi-cloning site of a plasmid pHKN29 that was made from pCAMBIA1300 by replacing the hygromycin resistant gene with sGFP (Kumagai and Kouchi 2003) . However, sequencing analysis to confirm the construct showed that we obtained a CaMV35S promoterϩ antisense LjGlu1ϩOCS terminator cassette (antisense) instead of the desired RNAi cassette. We then designated the result as pHKN29-antiLjGlu1. Both pHKN29 (an empty vector) and pHKN29-antiLjGlu1 were introduced into Agrobacterium rhizogenes strain LBA1334 by means of electroporation. The induction of hairy roots in L. japonicus Miyakojima MG-20 was performed according to the method of Kumagai and Kouchi (2003) . Plants in which hairy roots had been induced for 3 weeks were transferred into an artificial soil mix (vermiculite/perlite, 5 : 1 v/v) containing B&D medium (Broughton and Dilworth 1971) and inoculated with M. loti MAFF303099. The bacteria were cultivated in liquid YM medium (Keele et al. 1969 ) at 28°C on a rotary shaker for 3 days. Cells were harvested by centrifugation and resuspended in sterile water to a concentration of 1.0ϫ10 7 cells/ml. For inoculation, 1 ml of this bacterial suspension was used. Figure 1A (bright field) and 1B (fluorescence field) show hairy root induction and a root nodule of L. japonicus (antisense) 28 days after inoculation (DAI) with M. loti. We assessed that transformation efficiency as very high, because about 70% of emerged roots showed GFP fluorescence both with the empty vector and with the antisense construct (data not shown). Quantitative real-time RT-PCR for analysis of the expression of LjGlu1 in transformed L. japonicus was carried out according to the method of Shimoda et al. (2005) . We used the following primer sequences: for LjGlu1, 5Ј-GGGGACAAGTTTGTACAAAAAAGCAG-GCTGGCCCCCCTCGACATG-3Ј and 5Ј-GGCTAAG-GAGACCTTG-3Ј, and for eIF4A (the internal control), 5Ј-AGAGGGTTTAAAGATCAAAT-3Ј and 5Ј-ATGTC-AATTCATCACGTTTT-3Ј. Hairy roots of L. japonicus showing GFP fluorescence (2 weeks after hairy root induction followed by inoculation with the rhizobia) at 28 DAI with M. loti were used for the RNA extraction. As shown in Figure 1C , the expression of LjGlu1 in the antisense transformant was significantly reduced compared with that in plants with the empty vector.
Therefore, these antisense hairy roots could be used for our experimental purposes.
Lotus japonicus in which hairy roots were induced for 5 days were transferred to B&D agar plates and inoculated with M. loti. Then, we analyzed the growth of shoots and hairy roots showing GFP fluorescence in the treated plants 28 DAI with the rhizobia. As shown in Figure 2A (shoot length) and 2B (root length), no significant difference in shoot or root length was observed between plants with the empty vector and the antisense transformants. For the analysis of root nodule formation, we transferred L. japonicus in which hairy roots has been induced for 3 weeks into an artificial soil mix (vermiculite/perlite, 5 : 1 v/v) containing B&D medium and inoculated with the rhizobia. The number of root nodules on hairy roots showing GFP fluorescence in the antisense transformant 28 DAI with M. loti increased compared to that in the control, but the difference was not significant ( Figure 2C ). To assess nitrogen fixation activity, we measured acetylene reduction activity as follows: We placed plants in glass tubes containing wet filter paper, and replaced the gas phase with an acetylene-air mixture (C 2 H 2 : airϭ1 : 4 v/v). After 2 h of incubation at 25°C, we analyzed the gas phase using a GC-3A gas chromatograph (Shimadzu, Kyoto, Japan) to determine the amount of ethylene. Surprisingly, the nitrogen fixation activity per plant of the antisense transformant was dramatically and significantly enhanced compared with that of the control ( Figure 2D ). The nitrogen fixation activity per root nodule was also increased about twofold. This is the first report of strong enhancement of nitrogen fixation activity resulting from the manipulation of a gene of the leguminous host plant.
A DNA database search using the LjGlu1 sequence as a query revealed at least ten genes that resemble b-1,3-glucanase in L. japonicus, and the highest homology between LjGlu1 and these genes was around 60%. It is well known that b-1,3-glucanase produces b-glucan fragments from the cell wall of a pathogenic fungus, and induces phytoalexin biosynthesis in the host cells. In L. japonicus, it has been reported that expression of two b-1,3-glucanase genes (which are not identical to LjGlu1) that may be involved in the plant's defense response was induced transiently during the infection or nodule initiation stage (Kouchi et al. 2004) . In Nicotiana tabacum, pathogenesis-related b-1,3-glucanase genes were down-regulated by treatment with ABA (Rezzonico et al. 1998) . However, the expression of LjGlu1 was suppressed during infection with rhizobia and the initiation stages of nodule organogenesis (Kouchi et al. 2004 ) and was up-regulated by treatment with exogenous 0.5 mM ABA (data not shown). Thus, LjGlu1 may not be a pathogenesis-related b-1,3-glucanase and may have a negative function in root nodule formation. If so, the tendency to increase the number of root nodules in the antisense transformants is reasonable.
In Glycine max, it was reported that b-1,3-glucanase activity exhibited a transient pattern in root nodules, with the maximum activity occurring following a decline in the nitrogen fixation rate at 28 DAI (Mohammadi and Karr 2002) . The fact that nitrogen fixation was reduced by higher expression of b-1,3-glucanase is common to both L. japonicus and G. max. Although the mechanism for the enhancement of nitrogen fixation activity is unknown, this phenomenon should be very important for the molecular breeding of leguminous plants.
